a Metal-organic frameworks (MOFs), as a new type of nanomaterial, have been rapidly developed and widely applied in the environmental area. However, the algae removal efficiency of MOFs, the effect of metal ions and organic ligands contained in MOFs and the stability of MOFs in water need further study. Based on the characteristics of algae, five types of MOFs, which were Cu-MOF-74, Zn-MOF-74, ZIF-8, Ag/AgCl@ZIF-8 and MIL-125(Ti) were synthesized and characterized by X-ray diffractometer (XRD), field emission scanning electron microscope (FESEM), and X-ray photoelectron spectroscopy (XPS). The effect of MOFs on the growth of Microcystis aeruginosa was comparatively studied, and the inhibition mechanism of MOFs on algae as well as the stability of MOFs was explored. Results showed that all of the as-synthetic that the concentration higher than 1 mg L À1 would lead to the destruction of algae cell morphology and the loss of cell integrity, causing cell contents to be partially released into the water, promoting the accumulation and precipitation of algal cells which were destabilizing already to achieve the purpose of inhibition of algae. In summary, MOFs can be used to inhibit the growth of cyanobacteria and have a promising application prospect.
Introduction
In recent decades, harmful cyanobacteria blooms have frequently occurred in the eutrophic waters throughout the world. [1] [2] [3] Cyanobacteria blooms have serious impacts on the quality of water environment, causing imbalance of aquatic ecosystems 4 and endangering the safety of aquatic organisms and humans.
5,6 Therefore, we urgently need an effective technique to remove cyanobacteria and control cyanobacteria blooms. To control and eliminate harmful algal blooms, physical, chemical, and biological algae removal techniques, including ultrasonic method, 7 reagent addition method, 8 and biological interaction 9 have been commonly applied. However, these conventional treatments suffer from drawbacks that limit their applicability such as relatively high cost, poor environmental acceptability, inefficiency of algae removal and so on. For example, the ultrasonic method has a high operating cost; 10 direct addition of pesticides will cause adverse effects on organisms 11 as a result of secondary pollution; 12 and biological interaction has low algae removal efficiency. 13 Therefore, it is still urgent to develop new remediation methods for the application of controlling cyanobacterial blooms, especially on the large-scale.
Nanomaterials have been widely used in the eld of environmental modication and remediation for their advantages of high activity, low cost, and strong adsorption capacity. 14, 15 Nanomaterials can effectively inhibit the growth of algae cells, and their inhibition mechanism may include effects of metal ions, 16 oxidative damage of ROS 17, 18 etc. Park et al. 19 found that the inhibition efficiency of Microcystis aeruginosa (M. aeruginosa) was up to 87% when it was treated by 1 mg L À1 nano-Ag.
As a kind of porous nanocrystalline materials with periodic multidimensional network structure formed by self-assembly of metal ions and organic ligands such as aromatic polyacid through coordination, metal-organic frameworks (MOFs) have many advantages such as large surface area, high porosity, good thermal stability and easy to regulate physical and chemical properties. 14, 15 Their structure and properties give them great potential to be used in many elds such as catalysis, adsorption and environment. 20, 21 In the environmental area, MOFs have been proved to degrade organic dyes effectively in wastewater, Chandra et al. 22 degraded rhodamine B and methylene blue in visible light using ZIF-8 loaded nano-TiO 2 , and the removal rates of rhodamine B and methylene blue were 64.8%, and 87.5% respectively. In the catalysis eld, MOFs have ability to remove drug residues from water bodies, Cao Yang et al. 23 used a MOF which was synthesized by MIL-68(In)-NH 2 and graphene oxide (GrO) for the photodegradation of amoxicillin, with the removal rate of 93%.
MOFs based on varies metal ions such as Cu 2+ , Zn 2+ , Ag + have different effects on the growth of algal cells. 24, 25 Furthermore, Keila Martin-Betancor et al. 26 found that the TAZ ligand in Ag-TAZ (50 mg L À1 ) can cause 35% inhibition effect on Anabaena. The interactive affect between different ligands and metal ions, the effect on the morphology as well as the property of algae removal of MOFs due to the combination of different ligands with different metal ions were rarely studied, however, it is very important to select appropriate metal ions and ligands to synthesize corresponding MOFs according to the characteristics of algae to remove algae. In addition, Gu et al. 27 used Zn-FeLDHs (250 mg L À1 ) as photocatalyst to inactivate the M. aeruginosa under visible light, the content of chlorophyll a decreased by 80.6%, which indicated the growth of M. aeruginosa was inhibited to some extent. However, this study only showed that the high concentration of MOFs material (Zn-FeLDHs) has inhibitory effect on algal cells, the impacts of MOFs material structure, metal ions and organic ligands on the inhibition of algae, the discipline between MOFs concentration and inhibition of algal, and the inhibition mechanism of algal cells by MOFs have not been further studied. 
where, m i-j is the specic growth rate from i h to j h; X i and X j are the OD 680 value at i h and j h respectively; I r represents the inhibition rate based on the specic growth rate; m C is the average of the parallel specic growth rate of control group; m T is each parallel specic growth rate of experimental group. . All the algal cell including control groups and experimental groups were cultivated companion with a 14 h : 10 h light-dark cycle by the illumination of 2000 lx tubular uorescent lamp. The concentration of algal cell was measured using an UV-visible spectrophotometer with a wavelength of 680 nm at 24, 48, 72, 96, and 120 h, respectively.
Cyanobacteria physiological characteristics experiment
2.2.1 Extracellular TOC detection of cyanobacteria. The algal cell suspension (16 mL) was centrifugated at 4500 rpm for 10 min with a centrifugal separator at room temperature. The collected supernatant was ltered through 0.45 mm lter, and then placed it in an autosampler to analyze the TOC value of algal cells by a total carbon analyzer (TOC-LCPH-CPN, Shimadzu, Japan).
2.2.2 Detection of cyanobacteria membrane integrity. The algal cell suspension (5 mL) was centrifuged at 5000 rpm for 10 min at room temperature. Aer that, discarding the supernatant and adding 1 mg L À1 PI stock solution 31 (1 mL), then incubated at room temperature in dark for 15-30 min. The cell membrane integrity of the algal cells was analyzed by ow cytometry (FACSCalibur, Beckman Cooulter, USA) at the excitation wavelength of 488 nm, and the PI uorescence for 10 000 cells was collected by the FL3 channel. . Aer cultivated 48 h, the sampled algal cells suspension (50 mL) was centrifuged at 4500 rpm for 10 min and then added 10 mL 2.5% glutaraldehyde to settle for 2 h before centrifuged at 4500 rpm for 10 min again. The algal cells separated during the centrifugation were washed 3 times with distilled water and then dehydration was carried out with a series of concentrations (50%, 70%, 80%, 90%, and 95%) of anhydrous ethanol with the dehydration time interval of 15 min. Aer that, the algal cells were dehydrated with 100% anhydrous ethanol for 20 min and then immersed in it to cool in a refrigerator at 4 C for 10 min. Subsequently, the sample supernatant was removed by ltration, and the algal cells were dried in a desiccator for 24 hours. The obtained algal cells were sprayed with gold and the cell morphology of algal cells were characterized by FESEM.
3 Result and discussion 3.1.2 Analysis of SEM. SEM images of Cu-MOF-74, Zn-MOF-74, ZIF-8, Ag/AgCl@ZIF-8, and MIL-125(Ti) were shown in Fig. S2 . † It can be seen from Fig. S2 † that for the same ligand, when doped with different metal ions, the morphology of the MOFs material would be different. For example, Cu-MOF-74 had a needle-like shape with a regular distribution, and the grain size was 3-4.5 mm, as a contrast, Zn-MOF-74 had no obvious shape and basically presented for the small particles agglomeration status; ZIF-8 showed a square shape with irregular edges, the crystal size of ZIF-8 was about 0.4 mm, and the distribution was relatively dispersed. But when ZIF-8 was doped with Ag + , the formed Ag/AgCl@ZIF-8 was a square crystal with different size and shape, and some of the crystals were in agglomerated stated with the relatively dense distribution; MIL-125(Ti) presented for the disk-shaped with a grain size of about 2 mm.
3.1.3 Analysis of XPS. In order to reveal the chemical states and element composition of ve as-synthetic MOFs, XPS analyses were carried out.
From the survey scan spectrum in Fig. S3 , † Ag/AgCl@ZIF-8 was composed by Zn, Ag, Cl, C, N and O elements. The binding energy sites of C 1s and N 1s in Ag/AgCl@ZIF-8 were at 284.55 eV and 398.65 eV respectively, and the bond energy sites of N 1s (398.65 eV) explain the existence of C-N bond and 2-methylimidazole. 34 The specic peaks of Ag 3d could be attributed to the Ag 3d 3/2 (373.9 eV) and Ag 3d 5 
34,35
From the survey scan spectrum in Fig. S7 , † the elemental composition of MIL-125(Ti) included Ti, O, and C. 37 The Ti 2p spectrum of MIL-125(Ti) were observed at 458.8 eV and 464.5 eV, indicated that titanium combined with oxygen to remain in oxidation state IV. 38 The O 1s spectrum exhibited two peaks, located at 530.4 and 532.1 eV, can be ascribed to oxygen in titanium; the specic peaks of C 1s could be attributed to C-C (284.1 eV) 38 and C]O (288.1 eV). The above XPS results conrm the successful synthesis of MIL-125(Ti). , could be found that MOFs containing the ligand GC had better power of algal removal than that containing the ligand DHTA.
The above results showed that when algal cells were exposed to each MOFs, of which the concentration reached a certain threshold, the growth of algal cells will be inhibited in different degrees. It may because the distinct of interaction between different types of metal ions and ligands existed in MOFs caused the different dissolving quantity and releasing rate 39 of metal ions from MOFs in aqueous solutions. In addition, the toxicity of these MOFs mainly depended on the dissolved metal ions, and the sensitivity of M. aeruginosa to different metal ions dissolved in water was different. Just as Cu-MOF-74 had the best algal inhibition ability, probably due to the presence of phycocyanin in M. aeruginosa which was extremely sensitive to Cu 2+ .
Modeling of growth kinetics.
The kinetic model has been widely used to explain the growth kinetics of nanomaterials inhibit of algal cells. In this study, the concentration of 10 mg L À1 Cu-MOF-74 was used to treat M. aeruginosa, and the growth kinetics discipline of inhibition of algal cells by MOFs was explored by tting with pseudo-rst-order kinetics model and pseudo-second-order kinetics model. The two tting curves of inhibition of algal cells by MOFs are shown in Fig. 2 
Inhibition characterization of cyanobacterial using ligands
The effect of ligand concentration on algal cells is shown in was further increased, the growth of algae cells was further inhibited. And the effect of ligand species on algal cells is shown in Fig. 4 . It can be seen that the inhibitory rate of the three ligands on algae cells basically presented for DHTA < PTA < GC. The distinction in the effect of the ligand to inhibit algal cells may be caused by the different solubility of the ligand, which was exhibiting the rule of DHTA < PTA < GC. effect will become stronger as the concentration of Cu-MOF-74 increased, presented for the signicantly dimmed of chroma of the algal cell solution, the decrease of OD 680 and Zeta potential value of the algal cell solution.
Comparative experiment on the algae inhibition effect between Cu-MOF-74, P25 and metal ions
3.6 Physiological characterization of cyanobacterial using Cu-MOF-74 3.6.1 Index of extracellular TOC. The extracellular TOC content of algal cells is one of the indicators for characterizing the physiological characteristics of algal cells. Aer different concentrations of Cu-MOF-74 were used to treat algal cells, the changes in extracellular TOC content of algal cells with culture time were shown in Fig. 7(B) . When the algal cells were exposed to the concentrations of 0.01, 0.05 and 0.1 mg L À1 Cu-MOF-74, the extracellular TOC content of the algal cells was not signi-cantly different from that of the control group within 0-72 h, while the concentration of Cu-MOF-74 reached at 1, 5 and 10 mg L À1 with the treatment time for 2 h, the TOC content of the algal cells in the experimental group was higher than that of the control group already. Subsequently, the TOC content of the algal cells began to increase rapidly aer 2 h, and at the end of 24 h, the TOC content of the algal cells in the experimental groups increased by 5.64, 9.97, and 11.66 mg L À1 , respectively. It was inferred that maybe the algal cells damaged due to the attack from Cu-MOF-74 (1, 5, and 10 mg L À1 ) with the increase of the treatment time, resulted in the leakage of intracellular substances such as humic acids and fulvic acids, which was in accordance with the TOC content measurement result. The relevant document demonstrated similar experimental results, XueJiang Wang et al. 42 found that aer algae were treated by oating nano-materials (F-Ce-TiO 2 /EP450) for 4 hours, companioned with algal cells damaged, humic acids released outside the algal cells. But at 48 h, the TOC content of the algal cells didn't increase continually, that be related to the adsorption of TOC for Cu-MOF-74.
3.6.2 Index of cell membrane integrity. The algal cell membrane integrity is another physiological characteristic indicator of algal cells. The cell membrane integrity of algal cells treated for 24 h with different concentrations of Cu-MOF-74 was examined to explore whether Cu-MOF-74 would affect the integrity of algal cell membranes. The ow cytometry detection spectrum of algal cells treated with different concentrations of Cu-MOF-74 for 24 h were shown in Fig. 7(A) . 43 found that nano-ZnO, nano-TiO 2 , and nano-CuO had inhibitory effect on Monilia sp., and they believed that the growth suppression of Monilia contributed to the metal ions released from nano metal oxide particle. In order to further explore whether the destruction of algal cells by MOFs was due to the metal ions entirely, we performed tests to determine the effect of Cu-MOF-74 on the growth of algal cells whether depended on the Cu 2+ released from it totally. The concentration of Cu 2+ released from Cu-MOF-74 (1 mg L À1 ) was shown in From Fig. 8 44 found that the inhibition rate of nano-CuO for Chlorella was consistently higher than that of Cu 2+ during experimental culture; Ji et al. 45 found that both nano-TiO 2 and nano-ZnO have an impact on the growth of Chlorella, and the inhibition mechanism of nano-ZnO on Chlorella was mainly based on the effect of Zn 2+ and the oxidative damage of algae by ROS etc. Based on the experimental results, it was presumed that the inhibition mechanism of Cu-MOF-74 may have other causes besides the effect of Cu 2+ .
3.7.2 Effect of Cu-MOF-74 on the morphology of cyanobacteria. In the study of physiological characteristics of algal cells, it was found that the extracellular TOC content of the solution increased with the addition of Cu-MOF-74, which may due to the destruction of cell integrity by Cu-MOF-74. In order to further determine whether Cu-MOF-74 had an effect on the morphology of algal cells, the algal cells treated with Cu-MOF-74 (1 mg L À1 ) for 48 hours were observed by SEM, and the SEM images of algal cells in the control and experimental groups were shown in Fig. 9 . In Fig. 9(a) , the algal cells in the control group were intact and the cell wall surface, presented for a complete elliptical shape, was smooth which indicated their healthy status. Fig. 9(b) 
Conclusion
The ve MOFs in this study all had good stability in water and the order of stability of MOFs in water basically display as MIL- In addition, the concentration of Cu-MOF-74 is proved to be one of the mainly factors affecting the growth of algal cells since the concentration of Cu-MOF-74 reached the threshold (1 mg L À1 ), the growth of algal cells will be inhibited. With the increase of the concentration of Cu-MOF-74, the OD 680 value, Zeta potential and chroma of the algal cell suspension continued to decrease as the culture time increased, indicating that the growth inhibition of algal cells, and the growth inhibition reaction of M. aeruginosa by Cu-MOF-74 followed the pseudo-second-order kinetics tting mode. The metal ions released by the MOFs would damage the algal cell membranes, causing the destruction of cell integrity of the algal cells in different degrees. As a result, the contents of the algal cells would ow out and the TOC content of the extracellular cells would increase to varying degrees. Meanwhile, it would also lead to the gradual decrease of the Zeta potential of the algal cell suspension. Then the algal cells would cause aggregation and precipitation due to poor stability which achieved the purpose of suppressing algae.
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